Immunity elicited by multicomponent vaccines delivered by replication-competent Ad5hr-simian immunodeficiency virus (SIV) recombinants was systematically investigated. Rhesus macaques were immunized mucosally at weeks 0 and 12 with Ad5hr-SIV smH4 env/rev, with or without Ad5hr-SIV mac239 gag or Ad5hr-SIV mac239 nef, or with all three recombinants. The total Ad5hr dosage was comparably adjusted among all animals with empty Ad5hr-⌬E3 vector. The macaques were boosted with SIV gp120 in monophosphoryl A-stable emulsion adjuvant at 24 and 36 weeks. Controls received Ad5hr-⌬E3 vector or adjuvant only. By ELISPOT analysis, all four SIV gene products elicited potent cellular immune responses that persisted 42 weeks post-initial immunization. Unexpectedly, modulation of this cellular immune response was observed among macaques receiving one, two, or three Ad5hr-SIV recombinants. Env responses were significantly enhanced throughout the immunization period in macaques immunized with Ad5hr-SIV env/rev plus Ad5hr-SIV gag and tended to be higher in macaques that also received Ad5hr-SIV nef. Macaques primed with all three recombinants displayed significant down-modulation in numbers of gamma interferon (IFN-␥)-secreting cells specific for SIV Nef, and the Env-and Gag-specific responses were also diminished. Modulation of antibody responses was not observed. Down-modulation was seen only during the period of Ad5hr-recombinant priming, not during subunit boosting, although SIV-specific IFN-␥-secreting cells persisted. The effect was not attributable to Ad5hr replication differences among immunization groups. Vaccine delivery via replication-competent live vectors, which can persistently infect new cells and continuously present low-level antigen, may be advantageous in overcoming competition among complex immunogens for immune recognition. Effects of current multicomponent vaccines on individual immune responses should be evaluated with regard to future vaccine design.
While a number of promising human immunodeficiency virus (HIV) vaccines are currently moving to human trials, additional work is yet to be conducted in primate models to achieve immunity that translates into protection from a virulent challenge (18) . A number of different vaccine approaches have shown good protection against a pathogenic simian-human immunodeficiency virus (SHIV) 89.6P isolate (1, 2, 6, 50, 57) , but development of vaccines that elicit comparable protection against virulent simian immunodeficiency virus (SIV) strains that cause a disease more like AIDS have remained elusive (28) . Live attenuated viral vaccines have elicited good protection (20) , but in addition to safety issues concerning use of such vaccines (4, 55) more recent studies have indicated that even this strategy has difficulty protecting against a pathogenic heterologous virus (61) . Several other approaches have shown promise in eliciting degrees of protection against the more vigorous SIV challenges (7, 12, 19, 23, 25, 43, 64) , although sustained, reliable protective efficacy has yet to be attained.
The importance of developing vaccines able to induce cellular immunity is evident, since numerous studies have shown that cellular immune responses are correlated with reduced viremia in HIV infection (8, 33, 51) and that cytotoxic T lymphocytes (CTL) are critical in SIV clearance and control in monkeys (30, 34, 56) . However, concerns have arisen about the reliance on vaccines directed solely to limited CTL epitopes, since viral escape from CTL occurs frequently (42) and can lead to AIDS progression (5) . It has also been shown that passive immunization with potent, neutralizing human monoclonal antibodies can prevent infection from pathogenic SHIV in primates (3, 22, 27, 38, 39, 44) . Therefore, a vaccine that can induce broad, potent cellular and humoral immune responses would not only be highly desirable but also more likely to exhibit improved protective efficacy against a virulent SIV challenge. To this end, we have pursued a prime-boost vaccine regimen to stimulate both arms of the immune system.
As priming immunogen, we have chosen adenovirus (Ad) vectors, which have numerous advantages as vehicles for vaccine development (29, 45) . Viral vectors in general can elicit cellular immunity and prime antibody responses to inserted foreign genes. With regard to HIV vaccine design, Ad vectors have a significant advantage over some others in targeting epithelial cells on mucosal surfaces, thereby eliciting mucosal immunity, critical for preventing HIV infection and transmission across mucosal barriers. Our vaccine strategy employs replication-competent Ad recombinants, in which the Ad vector is deleted only in the E3 region. Previous studies have shown the ability of Ad4-, Ad5-, and Ad7-HIV recombinants together with boosts of subunit envelope protein to prime high-titer neutralizing antibodies in dogs (40) and chimpanzees (65) . In the chimpanzee model, such antibodies were persistent and able to neutralize HIV primary isolates. This vaccine approach also elicited cellular and mucosal immune responses to HIV env and/or gag gene products in chimpanzees (35, 36, 41) . The immunized chimpanzees exhibited long-lasting protection against both low-and high-dose HIV challenges, including a high-dose challenge with a primary, heterologous HIV isolate (36, 49) .
Others have exploited replication-defective Ad recombinants (9, 57, 62) . Recently, significantly reduced viral burdens and protection from SHIV89.6P-induced CD4 ϩ T-cell loss was shown in the macaque model (57) by immunizing with a replication-defective Ad5-SIV gag recombinant, with or without prior SIV gag DNA priming.
To pursue further studies in a nonhuman primate model in which sufficient numbers of animals can be used to evaluate results statistically, we turned to the SIV/rhesus macaque model, employing an E3 region-deleted Ad5 host-range (Ad5hr) mutant vector shown able to replicate in vitro and express inserted SIV smH4 env and rev genes in monkey cells (16) . After two immunizations with this Ad5hr-SIV env/rev recombinant followed by two sequential SIV gp120 protein boosts, partial protection against an SIV mac251 vaginal challenge was obtained (11, 12) . Improved protective efficacy against a rectal challenge was achieved in later studies when priming was carried out with an additional Ad5hr-SIV gag recombinant (64) .
To further improve on this strategy, an additional Ad5hr-SIV recombinant was made which expressed a nonmyristoylated SIV mac239 nef, and a study was designed to systematically investigate the contribution of the several SIV gene products (Env, Rev, Gag, and Nef) to vaccine immunogenicity and protective efficacy. Here we summarize the potent immune responses elicited by the multicomponent, replication-competent Ad5hr-SIV recombinant priming-subunit boosting regimen. We report the unexpected finding that cellular immune response levels to individual gene products were modulated depending on the combination of Ad5hr-SIV recombinants administered.
MATERIALS AND METHODS
Animals. Forty juvenile rhesus macaques, 24 males and 16 females, were selected for this study. All tested negative for prior exposure to SIV, simian retrovirus type D, and simian T-cell leukemia virus. Macaque 21, assigned to group II (see below), succumbed at week 12 to non-study-related renal failure and anemia and was eliminated from the final data set. Ten of the 40 macaques were Mamu-A*01 positive and two were assigned to each immunization group.
Immunogens. Three replication-competent Ad5hr-SIV recombinants were used in this study. The construction and in vivo replication of Ad5hr-SIV smH4 env/rev (11, 12, 16, 46, 63) and Ad5hr-SIV mac239 gag encoding rev-independent Gag (37, 63) have been previously described. In addition, an Ad5hr-SIV mac239 nef recombinant encoding a nonmyristoylated Nef protein was constructed as follows. Plasmid p239SpE3Ј nef Open was obtained from the AIDS Research and Reference Reagent Program, National Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH). In p239SpE3Ј nef Open, the premature stop codon TAA at position 93 in the SIV mac239 nef gene was replaced with GAA, resulting in a full open and functional Nef open reading frame (24, 31, 48) . pBRAd5hr⌬E3, obtained from Wyeth-Lederle Vaccines (Pearl River, N.Y.), contains the Ad5hr sequence from 59.5 to 100 map units (m.u.), in which the E3 region from 78.8 to 85.7 m.u. is deleted. SIV mac239 nef DNA, with nucleotides 1 to 39 deleted, was amplified from p239SpE3Ј nef Open using PCR and then inserted into the XbaI site of pBRAd5hr⌬E3 at 78.8 m.u. of the Ad5hr sequence. The resulting pBRAd5hr⌬E3-SIV mac239 nef ⌬1-13 was confirmed by DNA sequencing. The Ad5hr-SIV nef ⌬1-13 recombinant was generated by homologous recombination as described previously (14) . Briefly, 4 g each of EcoR1-cut Ad5hr DNA (0 to 75 m.u.) and pBRAd5hr⌬E3SIV mac239 nef ⌬1-13 (59.5 to 100 m.u. of Ad5) was cotransfected into 293 cells with Lipofectamine according to the manufacturer's protocol (Life Technologies, Gaithersburg, Md.). After passaging the 293 cells for 1 to 2 weeks to maintain cells in log phase, a typical Ad5 cytopathic effect was observed. Recombinant viruses from this culture were plaque purified once, and Nef expression in 293 cells was verified by an immunofluorescence assay using mouse monoclonal antibody N27 specific for SIV Nef (15) . Ad5hr-SIV nef ⌬1-13 was then plaque purified three times before final amplification on 293 cells and double cesium chloride gradient purification and concentration. SIV Nef expression following infection of cells with the recombinant virus was confirmed by Western blotting using the anti-SIV Nef 17.2 monoclonal antibody (AIDS Research and Reference Reagent Program), followed by a goat anti-mouse immunoglobulin G-horseradish peroxidase conjugate (Sigma, St. Louis, Mo.) and standard electrochemiluminescent reagents (Amersham Pharmacia Biotech, Piscataway, N.J.) for final detection.
Study design. Four groups of eight macaques each (seven in group II) were immunized twice with different combinations of replication-competent Ad5hr-SIV recombinants and then boosted twice with native SIV mac251 gp120 as shown in Fig. 1 . All groups received Ad5hr-SIV smH4 env/rev with or without Ad5hr-SIV mac239 gag and/or Ad5hr-SIV mac239 nef ⌬1-13 . Eight additional control macaques received the empty vector, Ad5hr-⌬E3. The first Ad immunization was simultaneously administered both orally and nasally at a dose of 5 ϫ 10 8 PFU/ route/recombinant in phosphate-buffered saline at week 0, followed by a second, identical immunization intratracheally at week 12 (12) . The intranasal immunizations were administered to the nostrils dropwise while the macaques were sedated. When given orally, the virus was delivered by stomach tube, preceded by 2 ml of bicarbonate solution. To ensure all immunization groups received the same number of infectious Ad particles, macaques immunized with only one or two Ad5hr-SIV recombinants were complemented with enough Ad5hr-⌬E3 vector to maintain a total Ad5hr dose of 1.5 ϫ 10 9 PFU. Twelve weeks after the second Ad immunization, the macaques were boosted with 100 g of native SIV mac251 gp120 in MPL-SE (monophosphoryl A-stable emulsion) adjuvant (provided by Wyeth-Lederle Vaccines) by the intramuscular route, rested for 12 weeks, and then boosted again.
Sample collection. Peripheral blood mononuclear cells (PBMC) were collected throughout the study using lymphocyte separation medium (ICN Pharmaceuticals, Inc.). Either freshly obtained cells or cells viably frozen in fetal bovine serum containing 7% dimethyl sulfoxide (DMSO) and stored in liquid nitrogen were used to evaluate cellular immune responses as indicated below. Serum was obtained and stored at Ϫ20°C until use. Stool and nasal samples were collected following Ad immunizations as previously described (11) and stored at Ϫ70°C.
Measurement of Ad replication and immunity. Ad5hr replication was assessed by detection of viral DNA in macaque stool and nasal secretions using a nested PCR assay specific for the conserved Ad5 fiber gene as previously described (12) . The method was modified by the addition of 2.5 mM MgCl 2 to the reaction mixtures. Five microliters of sample, previously heated to 95°C for 5 min to lyse viral capsids, was used in the first-round PCR, and 1.5 l was used in the second nested PCR. Reaction products were run on 2% agarose gels to visualize bands and Southern blotted to enhance sensitivity as described elsewhere (12) .
Serum neutralization titers to Ad5hr were assayed in a 96-well plate format with A549 cells as detailed previously (17) . Macaque sera were tested at serial twofold dilutions, with endpoint titers defined as the reciprocal of the last serum dilution in which no Ad cytopathic effect was seen.
SIV-specific cellular immunity-ELISPOT assay. Cellular immune responses to SIV Env smH4 , Rev smH4 , Gag mac239 , and Nef mac251 proteins were assessed using the ELISPOT assay to detect gamma interferon (IFN-␥)-secreting lymphocytes poststimulation with specific SIV peptide pools. Env, Rev, and Nef peptides, consisting of 15-mers overlapping by 11 amino acids, were provided by Advanced BioScience Laboratories, Inc. (Kensington, Md.). Peptides were dissolved in DMSO at a high concentration, pooled together at a working concentration of 100 g of each peptide/ml, and then diluted to a 1-g/ml final concentration of each peptide in the assay plate. For envelope peptides representing the SIV smH4 gp160 protein minus the signal peptide, three pools totaling 214 peptides were tested separately: pool A included peptides 1 to 71; pool B included peptides 72 to 142; and pool C included peptides 143 to 214. SIV smH4 Rev (peptides 1 to 22) and SIV mac251 Nef (peptides 1 to 59) were tested in single pools. SIV mac239 Gag peptides, obtained from the AIDS Research and Reference Reagent Program, NIAID, consisted of 20-mers overlapping by 10 amino acids. Two separate pools of 25 peptides each were tested. The Gag peptides were either dissolved in water or DMSO, depending on instructions provided, resulting in negligible final DMSO concentrations. Consequently, two separate negative controls were included in each assay: one of R5 medium only (RPMI 1640 containing 5% human AB serum and 2 mM L-glutamine) for measurements with Gag peptides, and the other of R5 medium containing 1.4% DMSO, for measurements with Env, Rev, or Nef peptides.
PBMC were isolated from whole blood and suspended in R5 medium. Serial, twofold dilutions of cells ranging from 1 ϫ 10 5 to 1.25 ϫ 10 4 cells/well were plated in triplicate in a 96-well plate that had been previously coated with anti-IFN-␥ monoclonal antibody MD-1, washed, and blocked with 2% bovine serum albumin according to the U-Cytech ELISPOT kit instructions (U-Cytech, Utrecht, The Netherlands). Peptides were added at 1 g/ml, and the plate was incubated overnight (14 h) at 37°C, 5% CO 2 . Concanavalin A (Sigma) at 5 g/ml was included as a positive control for each macaque. The next day the plates were washed 20 times and incubated with biotinylated rabbit anti-IFN-␥ antibody for 1 h at 37°C. After 10 washes, gold-labeled anti-biotin immunoglobulin G was added for 1 h at 37°C, the plates were again washed 10 times, and developer was added until spots were observed. The plates were rinsed with water to inactivate the developer and dried, and the resulting spots were counted with an inverted microscope. Background spots obtained with medium alone or with medium plus 1.4% DMSO were subtracted from each experimental value. All figures are a representation of the mean number of spot-forming cells (SFC) per 10 6 PBMC. A positive response was defined as one exhibiting both Ն120 SFC/10 6 PBMC and four times as many spots as medium-only wells. The high stringency requirement for determining positivity was dictated by high values seen for two control macaques in response to Env peptides at week 26. A responder macaque for each antigen was defined as one exhibiting positive IFN-␥ secretion at any time point over the immunization course.
SIV-specific cellular immunity-T-cell proliferation assay. Frozen cells were used for assays at all time points. PBMC were counted and adjusted to 3 ϫ 10 5 cells/well in triplicate in 100 l of RPMI supplemented with 10% fetal bovine serum (R10). Proteins, including native SIV mac251 p27 and SIV mac251 Nef (Advanced Bioscience Laboratories, Inc.), and aldrithiol-2-treated SIV mac239 particles (52) (AIDS Vaccine Program, SAIC NCI-Frederick) or similarly treated negative control SupT1 microvesicles were diluted to 40 g/ml and added to cells at a final concentration of 4 g/well. Concanavalin A (4 g/well) or R10 alone served as positive and background controls, respectively. After a 5-day incubation, [ 3 H]thymidine was added at 1 Ci/well overnight, and the next day plates were harvested using a Mach IIM (Tomtech, Inc.) cell harvester and counted using a Beckman beta plate counter. Average counts for each condition were divided by the mean for R10 alone or SupT1 microvesicles as appropriate to generate the stimulation index (SI). A positive response was defined as one with an SI of Ͼ2.
SIV-specific humoral immune responses. Macaque sera were tested throughout the immunization course for the presence of binding antibody to SIV gp120. Nunc plates were coated with purified SIV mac251 gp120 (50 ng/well) in bicarbonate buffer with 100 ng of bovine serum albumin/well. All sera were initially tested at a 1:50 dilution and then titered to end point as needed. Endpoint titers are reported as the reciprocal of the highest serum dilution giving an absorbance value twice that of serum from an SIV-negative macaque diluted 1:50. SIVspecific neutralization antibodies were measured against a lab-adapted strain of SIV mac251 as previously described (64) . Virus infectivity was measured by a p27 antigen capture assay (Coulter Corp., Miami, Fla.). Endpoint titers, defined as the reciprocal of the serum dilution at which viral infectivity was 50% of that in the presence of control serum, are shown.
Statistical analysis. Two-group comparisons of repeated measurements over intervals were made using Wei-Johnson tests (60) . Comparisons at individual times employed the exact Wilcoxon rank sum test. P values for pairs selected from among the four immunized groups and the control group were corrected by the method of Hochberg (26) for the number of tests (10 for responses to Env and Rev, 3 for Gag and Nef). All P values are two-tailed.
RESULTS

Construction and in vitro expression of Ad5hr-SIV mac239
nef ⌬1-13 . In prior studies an Ad5hr-SIV smH4 env/rev recombinant effectively primed SIV-specific cellular, humoral, and mucosal immunity in rhesus macaques (11, 12, 46, 64) . Additionally, our group has recently shown that priming immunizations with a combination of Ad5hr-SIV smH4 env/rev and an Ad5hr-SIV mac239 gag recombinant encoding Rev-independent Gag similarly induced good cellular immune responses to the SIV Gag component as well as Rev and Env (63) and elicited improved protective efficacy against a mucosal SIV mac251 challenge (64) . In the study reported here, we added an additional SIV component into the vaccine regimen to provide additional targets for cellular immune responses, with the ultimate goal of further enhancing protection against a virulent, pathogenic challenge. Nef was selected, as it is expressed early and abundantly in infection and possesses numerous CTL and B-cell epitopes. The decision to incorporate a mutated Nef recombinant, Ad5hr-SIV mac239 nef ⌬1-13 , was based on results obtained in a functional study of HIV Nef mutants (47) . This study reported that deletion of Nef N-terminal amino acids 1 through 19, which included the myristoylation site, resulted in elimination of Nef-induced down-modulation of CD4 and major histocompatibility complex class I expression at the cell surface. Both of these Nef functions might impair vaccineelicited immune responses. Therefore, the Ad5hr-SIV nef ⌬1-13 recombinant was constructed with the coding sequences for N-terminal amino acids 1 through 13 of SIV Nef deleted. The design and construction of this recombinant is summarized in Materials and Methods and illustrated in Fig. 2A .
Before determining the potential benefit of this recombinant as a vaccine, it was first necessary to demonstrate Nef expression in vitro following infection of cells with Ad5hr-SIV mac239 nef ⌬1-13 . The Ad5hr-SIV mac239 nef ⌬1-13 recombinant grew to high titer in both human 293 cells and monkey Vero cells. In antibody show that both cell types expressed the mutated Nef protein, which had an apparent molecular mass of 36 kDa. Cellular immune responses. To systematically investigate the immunogenicity of the individual components of the multicomponent vaccine regimen, we first examined cellular immune responses to all SIV gene products encoded in the Ad5hr recombinants. The ELISPOT assay was used to detect IFN-␥ secretion by macaque PBMC in response to SIV Gag, Env, Rev, or Nef peptides as described in Materials and Methods prior to immunization and at weeks 2 and 10 following each Ad recombinant or gp120 administration, out to 42 weeks postinitial immunization. Results using fresh PBMC are reported in all cases except for IFN-␥ secretion in response to Env, Rev, and Nef peptides at weeks 0, 2, and 10 post-first Ad immunization, where the appropriately matched medium-1.4% DMSO control was not included. This control was included in all further assays, and IFN-␥ secretion at weeks 0, 2, and 10 in response to Env, Rev, and Nef peptides was reevaluated using viably frozen PBMC.
The Ad5hr-SIV recombinants were highly effective in eliciting cellular immunity to all SIV proteins: Env, Gag, Nef, and Rev (Table 1) . Comparison of IFN-␥ secretion by immunized and control macaques in response to each immunogen, using nonparametric analysis of medians over multiple time points, showed highly statistically significant differences during the period of Ad5hr-SIV recombinant priming (weeks 2 to 22) that persisted during gp120 boosting (weeks 26 to 42). Analysis of immune responses induced over the entire immunization course (weeks 2 to 42) also showed highly significant differences between immunized and control macaques. Using the criteria in Materials and Methods defined for a positive response and for a responder macaque, 90% of all animals immunized with Ad5hr-SIV smH4 env/rev exhibited a positive cellular immune response to Env peptide pools, the highest frequency of response for any of the SIV immunogens. Moreover, the response was highly potent, with a mean peak ELIS-POT value during priming of 959 SFC/10 6 PBMC. Importantly, this response persisted during and after subsequent gp120 boosting, resulting in potent SFC counts that were sustained as long as 30 weeks after the second Ad5hr recombinant immu- nization. The response to Gag in immunized macaques was equally potent, exhibiting a mean peak response of 1,003 SFC/ 10 6 PBMC during the Ad5hr-SIV mac251 gag recombinant priming period. Again, Gag-specific IFN-␥-secreting cells persisted over the period of boosting with gp120, maintaining an equivalent level of SFC (Table 1) . Overall, two-thirds of the immunized macaques exhibited a positive response to Gag peptides.
Significant induction of both Nef-and Rev-specific cellular immune responses was seen in macaques immunized with Ad5hr-SIV mac239 nef ⌬1-13 and Ad5hr-SIV smH4 env/rev in comparison to the control group, and the levels and frequencies of responses were similar (Table 1) . However, somewhat less than half of the immunized macaques developed positive responses to Nef and Rev, and the levels of SFC in the responder macaques were approximately one-fifth to one-third of that seen in response to Gag and Env peptides, respectively. Of course Nef and Rev are smaller proteins and possess fewer CD8 ϩ T-cell epitopes, which could account for differences seen in the frequency and magnitude of ELISPOT responses. Nevertheless, the persistence of the immune responses to Nef and Rev, as with Gag and Env, to 42 weeks post-initial immunization was noteworthy (Table 1) .
Modulation of peptide-specific IFN-␥ production between groups. Analysis of peak immune responses showed that all Ad5hr-SIV recombinants elicited potent and persistent cellular immunity. A somewhat surprising finding when responses were evaluated over the entire period of Ad-recombinant priming (weeks 2 to 22) and boosting (weeks 26 to 42), however, was modulation of the cellular immune response to individual SIV antigens depending on the combination of immunogens administered. The design of this study allowed us to compare immune response levels to individual SIV antigens in immunization groups of sufficient size to achieve statistical significance. All the immunized macaques received the Ad5hr-SIV smH4 env/rev recombinant, so initially we compared IFN-␥ secretion in response to Env peptides among the four immunization groups. Figure 3A and B show that only macaques immunized with two recombinants, group II, which received Ad5hr-SIV smH4 env/rev plus Ad5hr-SIV mac239 gag, and group III, which received Ad5hr-SIV smH4 env/rev plus Ad5hr-SIV mac239 nef ⌬1-13 , exhibited significant cellular immune responses to Env compared to controls during priming (P ϭ 0.0056 and 0.016, respectively) and boosting (P ϭ 0.021 and 0.0047). Within-group variability in level of immune response at individual time points is attributed to inclusion of both responder and nonresponder macaques in this analysis as well as different kinetics of immune responses among the animals, with some macaques exhibiting peak responses 2 weeks postimmunization and others 10 weeks postimmunization. In general, the response to Env peptides differed considerably among the four groups in terms of the potency of the cellular immune response. Group II macaques (Fig. 3A) developed the highest response following the second recombinant administration, peaking at a mean of 2,500 SFC/10 6 PBMC. This was in contrast to the very modest response to Env peptides seen in group I macaques (Fig. 3C ) immunized with only Ad5hr-SIV smH4 env/rev. In fact, the response to Env by group II macaques was significantly enhanced during priming compared to that of group I macaques (P ϭ 0.0056), and this enhancement was maintained out to 38 weeks post-initial immunization (P ϭ 0.012). The level of the Env response was also higher in group III (Fig. 3B ) than in group I macaques, but the difference was not statistically significant. Interestingly, when all three recombinants were given to group IV macaques (Ad5hr-SIV smH4 env/rev, Ad5hr-SIV mac239 gag, and Ad5hr-SIV mac239 nef ⌬1-13 ), the mean Env response was both lower and delayed (Fig. 3D ) compared to that in groups II and III, although this down-modulation did not reach statistical significance.
The rev gene was also expressed in all 39 macaques immunized with the Ad5hr-SIV smH4 env/rev recombinant, so responses to Rev were evaluated among all four immunization groups. As illustrated in Table 1 , responses to Rev were among the lowest observed. This low level of reactivity, together with considerable variability among macaques within immunization groups as discussed above for Env, resulted in significant cellular immune responses when compared to controls only in group III macaques during priming (P ϭ 0.028; data not shown). During the boosting phase, both group II and group III responses were significantly higher than controls (P values of 0.011 and 0.034, respectively). Modulation in Rev responses between immunization groups was not detected.
Sixteen macaques received the Ad5hr-SIV mac239 nef ⌬1-13 recombinant, either with Ad5hr-SIV smH4 env/rev (group III) (Fig. 4A) or with both Ad5hr-SIV smH4 env/rev and Ad5hr-SIV mac239 gag (group IV) (Fig. 4B) . IFN-␥ secretion in response to Nef peptides was significantly elevated above control levels in group III macaques during priming (Fig. 4A ) (P ϭ 0.0005) and boosting (P ϭ 0.0009). In contrast, when all three recombinants were administered (group IV) (Fig. 4B) , significant down-modulation of the Nef response was seen during priming (P ϭ 0.03). This effect did not extend into the boosting period.
A similar down-modulation of the Gag response during priming was seen when comparing the seven group II ma- caques (immunized with Ad5hr-SIV smH4 env/rev and Ad5hr-SIV mac239 gag) (Fig. 5A ) with the eight group IV macaques (immunized with Ad5hr-SIV smH4 env/rev, Ad5hr-SIV mac239 gag, and Ad5hr-SIV mac239 nef ⌬1-13 ) (Fig. 5B) . Statistical significance was not reached, however, due to high within-group variability in responses again seen among the group II macaques. Conversely, Gag-specific responses in group IV macaques were significantly elevated above controls during the 
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on October 1, 2017 by guest http://jvi.asm.org/ boosting period (P ϭ 0.012), with a consequent disappearance of the down-modulation trend. It is notable that for the group II macaques, potent IFN-␥ secretion was detected after just one Ad5hr-recombinant immunization, and the response was further boosted with the second priming administration significantly above controls (P ϭ 0.0093). Elevated responses above control values were maintained for much of the boosting period (P ϭ 0.012). In contrast to Env, Rev, and Nef responses for which cryopreserved cells were assayed for the week 0 to 10 time points, all Gag responses were evaluated using fresh PBMC, which provide greater sensitivity in ELISPOT assays in comparison to viably frozen cells (63) . The diminution of immune responses seen in group IV macaques immunized with all three Ad5hr-SIV recombinants in comparison to either group II or group III macaques, which received two Ad5hr-SIV recombinants in addition to Ad5hr-vector alone, occurred only during the priming period of the immunization regimen (Fig. 3, 4 , and 5). No statistically significant down-modulation was seen between response levels of group IV macaques in comparison to either group II or group III animals during boosting. In contrast, as discussed above, the enhanced response to Env peptides seen in group II macaques in comparison to group I was maintained throughout the 38-week immunization period. T-cell proliferative responses. In view of the significant modulation of IFN-␥ secretion in response to individual SIV antigens depending on the combination of immunogens administered, it was of interest to determine if CD4 ϩ T-cell proliferative responses elicited by the vaccine regimen were similarly modulated. Therefore, viably frozen PBMC from all immunization groups were evaluated for responses to SIV gp120 protein and from immunization groups II and IV for responses to SIV p27. The results are summarized in Table 2 . Overall, proliferative responses to both gp120 and p27 stimuli were low, although the use of frozen rather than fresh cells could have resulted in the low responses. Given this, definitive conclusions concerning modulation between groups should await confirmation using fresh cells. Nevertheless, while IFN-␥-secreting cells specific for Env were significantly more numerous among group II immunized macaques compared to group I (Fig. 3A and C) , this enhancement was not observed in proliferative assays with gp120 stimuli at the 6-week time point, when cells from both groups of macaques were available for evaluation (Table 2 ). In addition, while secretion of IFN-␥ in response to Gag peptides tended to be down-modulated during the priming period in group IV compared to group II macaques (Fig. 5) , no such down-modulation was observed in the proliferative responses to p27 during the same period (Table 2) .
Humoral immune responses. Live viral vectors not only elicit cell-mediated immunity but also prime humoral immune responses. To determine if the modulation of IFN-␥ secretion seen between immunization groups in response to individual SIV antigens was reflected in subsequent antibody development, we assessed SIV-specific serum antibodies. Both hightiter anti-SIV gp120 binding and neutralizing antibodies were present in serum after boosting with SIV gp120, denoting effective priming by Ad5hr-SIV smH4 env/rev recombinant immunization. Binding antibodies with titers of approximately 1,000 were first detected after the second Ad5hr-recombinant immunization. At this time, significantly enhanced IFN-␥ secretion in response to Env peptides was observed in group II macaques compared to group I. However, no apparent difference in binding antibody titer between immunization groups was observed (Fig. 6A) . With each successive gp120 booster immunization, approximate 10-fold increases in binding titers were seen in all immunized macaques; however, again, no discernible differences in titers were seen between groups. The same pattern of response was repeated for neutralization titers, although neutralizing activity was not detectable until after the first gp120 booster immunization (Fig. 6B) . After the second gp120 immunization, serum neutralization titers were boosted 10-to 20-fold, but no significant differences were seen between groups.
Ad replication and immunity. Modulation of immune responses among immunization groups was evident during the period of Ad5hr-SIV recombinant immunization and was restricted to effects on SIV-specific IFN-␥-secreting cells rather than on proliferative responses or antibody development. Therefore, we investigated whether the effect arose from differences in replication of the Ad5hr viruses in vivo following administration to the four immunization groups. In order to maintain an equivalent dose of Ad5hr antigen among all macaque groups, we included Ad5hr-E3-deleted vector where needed to keep the total Ad5hr dose at 1.5 ϫ 10 9 PFU. For example, group I macaques received 5 ϫ 10 8 PFU of the Ad5hr-SIV smH4 env/rev recombinant and 10 9 PFU of the Ad5hr-E3-deleted vector, whereas group IV macaques received 5 ϫ 10 8 PFU of each of three Ad5hr-SIV recombinants. Replication within each immunization group was evaluated by duration of shedding of Ad5hr virus in nasal secretions and stool as described in Materials and Methods. As illustrated in Fig. 7 , differences in Ad5hr virus replication in nasal secretions among immunization groups were not observed and could not account for the down-modulation observed in comparing group II and group III macaques with group IV macaques. The shedding durations observed for all macaques following the first Ad5hr-recombinant administrations were all very similar. While greater variability in replication was observed following on October 1, 2017 by guest http://jvi.asm.org/ the second administrations, no significant differences were observed. Moreover, the trends seen could not be resolved with the observed differences in immune responses. Notably, following the second Ad5hr-SIV recombinant immunizations, group IV macaques exhibited somewhat higher vaccine virus replication than did groups II and III, yet immune responses were down-modulated in group IV macaques. The Ad5hr viruses did not replicate in the gut to the same degree as in the respiratory tract. Low-level shedding in stool, ranging from 4 to 7 days, was detected for all groups, with no significant differences between groups in terms of duration of replication (data not shown). Therefore, modulation of the immune response between groups was not due to differences in replication of Ad5hr recombinants in the intestinal tract.
DISCUSSION
The primary goal of this study was to evaluate the immunogenicity of a multicomponent SIV vaccine approach by using replication-competent Ad5hr-SIV recombinants for priming together with SIV gp120 protein boosts. An advantage of the experimental design was the relatively large number of macaques per immunization group (seven or eight), providing power for statistical analysis. In particular, all 31 immunized macaques received the Ad5hr-SIV smH4 env/rev recombinant, and 15 or 16 received Ad5hr-SIV mac239 gag and/or Ad5hr-SIV mac239 nef ⌬1-13 , resulting in meaningful determinations of response levels and frequencies. Overall, the Ad5hr recombinant priming regimen elicited potent cellular immune responses to each SIV immunogen as assessed by ELISPOT assay for IFN-␥-secreting cells. The highest response levels were observed using Env and Gag peptide stimuli, but strong responses were also exhibited in response to Rev and Nef peptides, notable in view of the small size of these proteins and hence fewer CTL epitopes. The small number of Mamu-A*01-positive macaques in this study (two/group) precluded between-group analyses of tetramer binding responses by their CD8 ϩ T cells. However, we observed elicitation of potent, persistent tetramer binding and ELISPOT responses to the dominant p11c Gag and subdominant p15m and p54m Env epitopes as summarized elsewhere (37) .
Interestingly, among immunized groups most cellular immune responses did not peak until 10 weeks following each Ad immunization. Similar delayed kinetics have been observed in ELISPOT responses of the Mamu-A*01 macaques to specific Gag p11C and Env p15m and p54m epitopes (37) . A slower or persistent release of antigen over a longer time period resulting from use of replicating Ad recombinants may account for this gradual increase in IFN-␥-secreting cells. This is the first study in which the Ad5hr-SIV mac239 nef ⌬1-13 recombinant was used as a vaccine component, and it proved to be highly immunogenic. A high frequency of macaques responded to all antigens, but more responded to Env and Gag than to Nef and Rev. Sixty-seven percent responded to the Rev-independent Gag immunogen, and 90% responded to Rev-dependent Env. The latter result suggests that the native Ad promoter together with the replication competence of the recombinant vaccine leads to significant expression of inserted foreign genes. The potent cellular immunity elicited by the vaccine regimen was also persistent, with IFN-␥ secretion observed for 42 weeks over the duration of immunization period.
The cellular immune responses induced by the replicationcompetent Ad5hr-SIV recombinant priming-subunit boosting regimen utilized here compare favorably with those achieved by other approaches. This is most easily seen in comparing IFN-␥ secretion induced by the Ad5hr-SIV recombinant ex- pressing Rev-independent gag with other vaccine regimens that have used SIV gag optimized for expression in human cells. The cellular immune response to Gag peptide pools was equivalent to or higher than that reported in a recent study in which DNA priming was followed by replication-incompetent Ad5-SIV gag boosting in rhesus macaques (reference 57 and supplemental information). Three SIV gag DNA priming immunizations followed by one Ad5-SIV gag boost resulted in mean ELISPOT values of 855 SFC/10 6 PBMC. Here, in comparison, after one immunization with replication-competent Ad5hr-SIV gag plus Ad5hr-SIV env/rev, Gag-specific ELISPOT responses averaged 700 SFC/10 6 PBMC and rose after the second Ad5hr-recombinant immunization to 1,200 SFC/10 6 PBMC (Fig. 5A ). This latter value is also similar to reported values ranging from approximately 250 to 1,400 SFC/10 6 PBMC observed following three DNA-adjuvant priming immunizations and a low-dose (10 7 viral particles) nonreplicating Ad5 gag boost (13), but it is 2.5-fold lower than the highest values reported in the same study following a high-dose (10 11 viral particles) Ad5 gag boost. Peak responses after two SIV gag/pol/env high-dose DNA priming immunizations and one recombinant modified vaccinia virus Ankara (rMVA) boost were twofold higher than our peak responses (2) . Subsequently, higher Gag responses, fourfold greater than those reported here, were obtained for gag/pol DNA-primed, gag/pol rMVA-boosted macaques (1) . It would be of interest to know if the multigene regimen (gag/pol/env) also modulated immune responses in the DNA/MVA system.
Although reported elsewhere (37) , it is informative to summarize comparative results for the Mamu-A*01 macaques in this study. Their cellular responses also compared favorably with other vaccine approaches. The peak percentage of unstimulated CD8 ϩ T cells able to bind p11C tetramer postAd5hr-SIV gag immunization ranged from 0.5 to 1.6%. This is comparable to some DNA-cytokine approaches (6) and greater than some alternate vector approaches (21, 53) , but less than that achieved by two high-dose replication-defective Ad5-SIV gag immunizations (57) and by a DNA/MVA approach (2) . In contrast, IFN-␥ secretion in response to the p11C peptide was higher in our study following the two replicating Ad5hr-SIV gag immunizations (mean of 1,600 SFC/10 6 PBMC) than responses following two or three replicationdefective Ad5-SIV gag immunizations (reference 57 and supplemental information).
That this SIV-specific immunity was achieved with sequential immunizations using an Ad recombinant of the same serotype suggests that initial Ad immunization does not preclude a further boost of immune responses by a second administration. Ad-neutralizing antibodies were detected in macaque sera after both immunizations; however, the mean titers (reported as reciprocal serum dilutions) in the various immunization groups were low, ranging from 5 to 30 (data not shown). Importantly, the immunization schedule provided for a 12-week delay before the second immunization, allowing time for the Ad antibody titers to decline. A significant time delay in sequential immunizations has also been shown to be beneficial in inducing memory cells (10) .
Comparison of IFN-␥ secretion in response to Env and Gag peptides by group II macaques in this study with that in macaques that received the same immunogens in a previous study (63) shows that a higher cellular response was elicited here. One technical explanation for this difference is that here fresh PBMC were evaluated, whereas cryogenically preserved cells were used in the earlier work. Previously frozen monkey PBMC have been shown to exhibit lower levels of cellular immune responses compared to fresh cells (63) , perhaps due to poor preservation of some memory cells or antigen-presenting cells. More importantly, however, slightly different immunization routes were utilized for the two studies. In the previous study, the two sequential immunizations were given orally by stomach tube in the presence of sodium bicarbonate buffer and intranasally at the same time. Here, following a similar oral plus intranasal immunization, the second administration of Ad5hr-SIV recombinants was intratracheal, possibly targeting additional cells in the upper respiratory tract, leading to an enhanced immune response.
Ad's can also replicate in the gut, which could provide additional new target cells for Ad replication, and might be effective at enhancing mucosal immune responses. Ad5hr-SIV recombinant replication in rhesus macaques, however, as determined here and in previous studies by length of shedding in stool and nasal samples, has been poor in the intestine compared to the upper respiratory tract (63) . It has not yet been determined whether the method of oral immunization used here allows the Ad5hr recombinants to survive the acid environment of the stomach and reach the intestine, or whether intestinal cells of rhesus macaques do not support high-level Ad5hr replication. A future goal will be to examine delivery of Ad5hr-SIV recombinants to the intestine, evaluate intestinal replication, and explore alternative methods for improved oral administration, perhaps by use of enteric-coated capsules, which have been proven effective in delivery of wild-type Ad4 and Ad7 vaccines to people (58, 59 ).
An unexpected finding of these studies was a modulation of the cellular immune response to individual SIV antigens depending on whether macaques were immunized with one, two, or three Ad5hr-SIV recombinant vaccines. This effect was limited to IFN-␥-secreting cells; there was no effect on CD4 ϩ T-helper cell responses evaluated using cryopreserved cells or on antibody development. During Ad5hr-recombinant priming immunizations, enhancement of Env-specific IFN-␥ secretion resulting from immunization with Ad5hr-SIV smH4 env/rev in addition to either Ad5hr-SIV mac239 gag or SIV mac239 nef ⌬1-13 was observed. The enhancement was statistically significant for macaques that received Ad5hr-SIV smH4 env/rev and Ad5hr-SIV mac239 gag. This phenomenon might be explained by a higher level of activation due to increased cytokine production and proliferation in the doubly immunized macaques. SIV gp120, but not the transmembrane protein, is relatively deficient in T-helper epitopes. Multiple epitopes are also present in SIV Gag (54) , which may have provided additional help.
More interesting was the significant down-modulation of IFN-␥ secretion in response to Nef peptides in group IV macaques immunized with all three recombinants, compared to responses in group III macaques immunized with only two recombinants, Ad5hr-SIV smH4 env/rev together with Ad5hr-SIV nef ⌬1-13 . Even though statistical significance was not reached, a diminished response to Env and Gag peptides was also observed in the group IV macaques immunized with all three recombinants, in comparison to the Env response of VOL. 77, 2003 IMMUNOGENICITY OF Ad-SIV RECOMBINANT VACCINES 8617
on October 1, 2017 by guest http://jvi.asm.org/ group II and group III macaques and the Gag response of group II macaques. Therefore, the down-modulation of responses was not attributable to specific expression of any single gene product: gag, nef, or env. Whether the down-modulation resulted from blocking of enhancement by the third recombinant immunization, rather than from a suppressive mechanism, must be determined with a different study design that includes macaques immunized with either the Ad5hr-SIV gag or Ad5hr-SIV nef ⌬1-13 recombinant alone. Due to the fact that the modulation effect was observed only during the period of Ad-recombinant immunization, we considered that differences in replication of the Ad5hr viruses might be responsible. Assessment of Ad5hr-recombinant replication in the various macaques by determining the duration of Ad shedding in nasal samples did not reveal significant differences among the immunization groups, including the control macaques. It is possible that competition among processed antigens for presentation and/or subsequent T-cell stimulation might account for the phenomenon. However, importantly, the down-modulation was no longer apparent following the protein subunit booster immunizations. This suggests a replicating, persistent vector, by presenting antigen over a prolonged time period and providing a mechanism to target new cells following a single immunization, may confer an advantage in alleviating effects of competition among multicomponent vaccines for immune system components. The vaccine regimen employed here, by including booster immunizations 12 and 24 weeks following the last Ad5hr-recombinant immunization, effectively provided time for maximum presentation of all vaccine priming components to the immune system. The lengthy vaccine regimen has the further advantage, as mentioned above, of better inducing memory cells (10) . Kjerrstrom et al. (32) have reported that expression of the Nef protein was inhibited and T-cell proliferative responses to Rev and Nef were down-modulated when mice were immunized with plasmid DNA vaccines encoding Tat, Rev, and Nef, in comparison to mice immunized with single DNA plasmids. The authors suggested that modulation of protein expression was attributable to competition for transcription factors or effects of unknown enhancer elements on the individual genes. Modulation of the immune responses was discussed in terms of functional effects of the three regulatory proteins. In our study, down-modulation of the cellular immune response could not be attributed to any single inserted gene. With regard to Nef, its functions that might impair immune responses (down-regulation of CD4 and major histocompatibility complex class I) are abolished in a mutant such as Ad5hr-SIV mac239 nef ⌬1-13 , with the N-terminal region deleted and lacking the myristoylation site (47) , and so another mechanism is likely involved.
Here we have shown that sequential immunization with replication-competent Ad5hr-SIV recombinants elicits potent, persistent cellular immune responses. At the same time, we observed significant modulation of immune responses depending on the complexity of the vaccine administered. Significant enhancement of SIV Env cellular responses was observed when both Ad5hr-SIV env/rev and Ad5hr-SIV gag were administered together as opposed to Ad5hr-SIV env/rev alone, arguing for the use of at least two recombinants to induce optimal immunity. On the other hand, that down-modulation occurred following administration of multicomponent (three recombinant) vaccines is highly relevant, especially in view of the current use of similar approaches involving multiple antigens that are believed necessary for mounting effective protective efficacy. The potential for immune modulation should be considered and evaluated in designing and testing future multicomponent vaccines. In our vaccine regimen, however, downmodulation occurred only during the initial period of priming with replication-competent Ad5hr recombinants and did not persist through the subsequent boosting period. We suggest that live, replicating vectors, by presenting antigen over prolonged time periods and targeting new cells, may alleviate competition within the immune system for vaccine immunogens and be advantageous in addressing this issue.
